Questions: The impact of grazing on the phenology of alpine plants has not been deeply explored. In particular, how the phenology of all species in the alpine plant community is affected by grazing has seldom been monitored.
| INTRODUC TI ON
The Qinghai-Tibetan Plateau (QTP) is the largest alpine eco-region in the world with an average elevation higher than 4,000 m and an area of over 2.5 × 10 6 km 2 , providing critically important habitats for a great number of alpine flora and fauna. The alpine grassland, as the dominant vegetation type in the region (covering over 60% of the QTP), has been severely degraded by overgrazing and/or climate change over the past decades (Zheng, Zhang, & Wu, 2000) .
Phenological variation is an important aspect of the effects of grazing on grassland, because phenology has a profound impact on the carbon balance of terrestrial ecosystems (Yang et al., 2017) , land surface energy, regional climate (Shen et al., 2015) , and the production of forage, on which livestock feeds, thus impacting the livelihoods of local residents who make their living in the traditional nomadic lifestyle (Ding, Long, Yang, Xu, & Wang, 2007; Xue, Zhao, & Zhang, 2005) . However, few studies have documented changes in the phenology of alpine grasslands plants under grazing (Zhu, Zhang, & Liu, 2016) . Therefore, the phenological response of the alpine grassland plants to grazing urgently requires exploration.
The effects of grazing on plant phenology are partly attributed to the direct impact on soil nutrients, soil moisture, soil temperature, and photoperiod (Kai & Gutekunst, 2003; Miller, Chanasyk, Curtis, & Willms, 2010; Shao, Li, Dong, & Chen, 2014) . Grazing would delay plant green-up time (Han, Chen, Xia, & Li, 2015; Miao et al., 2009) , fruiting time, and shorten the duration of the growing season (Han et al., 2015) . The impact of grazing on the reproductive phase and withering time remains uncertain (Díaz, Acosta, & Cabido, 1994; Han et al., 2016; Zhu et al., 2016) . Intrinsic plant properties such as growth rate, individual size, resistance to herbivores, and amount and position of reserves constrain plant phenology by altering the time in which the plants actually establish and grow to maturity (Kochmer & Handel, 1986; Sarmiento, 1983) . A trait-based approach is useful to identify plant ecological strategies, in particular of leaf traits tightly linked to growth rate, photosynthetic capacity, heat exchange, and water utilization of the plant (Leigh, Sevanto, Close, & Nicotra, 2017; Wright et al., 2004; Zheng, Li, Lan, Ren, & Wang, 2015) . The exploration of relationship between leaf traits and phenology can help better understand differences in phenology among species. The phenological stage is to some extent dependent on or constrained by the preceding and succeeding stages (Post, Pedersen, Wilmers, & Forchhammer, 2008; Wang et al., 2014) , and phenological change is thus the result of the joint effect of extrinsic drivers and other phenological stages. Two phenological temporal patterns, convergent (the phenological stage of different species is similar) and divergent (the phenological stage of different species is quite different), can affect the interplay of different species within a plant community (Rathcke & Lacey, 1985) and alter the community structure or ecosystem processes, such as primary production and nutrient cycling (Castro-Díez, Montserrat-Martí, Hooper, 1998) . 2 | ME THODS
| Study site
The experiment was conducted in Naqu County, Tibetan Autonomous Region, China (Figure 1 
| Experimental design
The grazing experiment was initiated in 2014 in a 30,000 m 2 paddock of alpine meadow, which was fenced with wire mesh. The paddock was divided into twelve 50 m × 50 m plots that were randomly placed for all different grazing treatments ( Figure 1 ). Nine plots (rotational grazing A1, A2, A3, B1, B2, B3, C1, C2, and C3) were set for rotational grazing (RG). The rotational grazing was included to explore a new grassland management method for this region by investigating its effects on biodiversity, productivity, and phenology.
Three plots (grazing exclusion 1, 2, and 3) were used for grazing exclusion (GE). Outside the grazing plots, a 37.5 ha open paddock was used by 300 yaks in continuous grazing (CG) all year round. Three 50 m × 50 m plots (continuous grazing 1, 2, and 3) adjacent to rotational grazing plots were randomly selected as CG plots. The rotational grazing was first conducted in A1, A2, and A3, where two one-year old yaks (totaling six in the three replicates) with an average weight of 105 ± 10 kg grazed all day and night for seven days.
After the seven days of grazing, the plots were rested for 14 days before being grazed for a next round, and the yaks were transferred to the next group of rotational grazing plots (B1, B2, and B3), after a furher seven days grazing they were again transferred, to rotational grazing plots C1, C2, and C3 ( nih.gov/ij/), leaf mass was measured with a semi-analytical balance (Sartorius AG, Goettingen, Germany) after oven-drying at 60°C, SLA (cm 2 /mg) was calculated as the leaf area divided by the leaf dry weight. Dried leaf samples from each plant were ground using a ball mill (NM200; Retsch, Haan, Germany) for elemental measurements.
LCC and LNC (%) were measured using an elemental analyzer (2400 II CHNS/O Elemental Analyzer; Perkin-Elmer, Boston, MA, USA).
LPC (%) was measured using the ICP-AES analysis (Thermo-Jarrell Ash Corp., MA, USA). Leaf traits were averaged to the species level for each grazing regime.
| Phenology observations
The phenology observations were conducted in 2017. In total 13 species were monitored in the plant community. These plant species contributed to 95% of the relative cover and aboveground biomass of the plant community. We frequently observed the appearance of annual species and the green-up of perennial species that were observed in previous years; the phenology observations were conducted immediately after the plant species appeared and began to green up. The observation method of forbs was different from that of sedges and graminoids. For nine forbs, 10 individuals of each species were selected from the continuous grazing plots 1, 2, 3, grazing exclusion plots 1, 2, 3, and rotational grazing plots A1, A2, A3, then marked using a color-coded tag. The plant phenology in rotational grazing plots B1, B2, B3, C1, C2, and C3 was not monitored, because it was sufficient for comparisons when each grazing regime had three plot replicates. For each species, the starting date for the respective phenological stages was defined as the day of the year at which >10% of the individuals were observed to have greened-up, flowered, fruited, or withered . The duration and end of each phenological stage were not recorded in this study. The interval between phenological stages was the period between the starting dates of the two adjacent phenological stages.
Thus, the interval between green-up time and flowering time ( 
| Data analysis
where N is the number of species, μ is the mean of phenological stage of all species, and x i is the phenological stage of species i; a higher SD signifies the phenological stages were more divergent among species. The analyses were conducted using R v. 
| Effects of grazing on phenological stages and their intervals
Under rotational grazing, compared with grazing exclusion (Figure 3 ; on all phenological stages were significant, and the random effects of individuals on phenological stages were insignificant (Table 4) .
| Relations among phenology stages and their intervals under three grazing regimes
Under 
| Relationships between phenological stages and leaf traits under three grazing regimes
Under CG, fruiting time was positively related to LPC, and negatively related to LCC/LPC and LNC/LPC. Withering time was positively related to LPC, and negatively related to LCC and LCC/LPC (Table. 6 ). Under GE, green-up time was negatively related to LCC, and fruiting time was positively related to LCC/LNC, bt negatively related to LNC and LNC/LPC.
Under RG, fruiting time was negatively related to LCC/LPC and LNC/LPC.
| Divergence of phenological stages at the interspecific level under three grazing regimes
The means and standard deviations (SD) of the phenological stages across different grazing regimes are presented in Table 7 . The SD of all phenological stages was higher under GE than under RG and CG, implying that phenological stages were most divergent under GE.
Under all three grazing regimes, the SD of flowering time was highest among all the phenological stages, implying flowering time was the most divergent among all phenological stages.
| D ISCUSS I ON

| Phenological responses of alpine plants to grazing regimes
Phenological responses of distinct species to grazing regimes were quite different. Compared with grazing exclusion, the green-up time of three species was delayed under CG, two species were delayed under RG, three species were advanced under CG, and four species were advanced under RG. We speculated that the phenology-delayed species were easily affected by yak destruction and the phenology-advanced species were sensitive to warming and adequate light caused by grazing. However, the mechanism needs further exploration. The flowering time of most species was delayed by grazing. The possible reason is that grazing changed soil evaporation (Miao et al., 2009 ) and upper-soil moisture conditions due to the lack of a thick litter layer (Luo et al., 2010) , indirectly leading to changes in plant phenology. The flowering phenology of alpine plants has been shown to be highly temperature-sensitive (Hülber, Winkler, & Grabherr, 2010) , as warming can cause water stress in shallower soil layers through increased evapotranspiration (Dorji et al., 2013) , and thus may decrease the growth and development of shallow-rooted plants (Klein, Harte, & Zhao, 2008; Laio, Porporato, Fernandez-Illescas, & Rodriguez-Iturbe, 2001 ).
Additionally, some species can advance their flowering as a strategy to ensure the survival of the species via sexual reproduction under grazing conditions, while flowering-delayed plants probably spent their energy to recover and maintain the vegetative parts, because they always try to achieve compensatory growth through an increase in light-saturated photosynthesis in the remaining leaves (Detling, Dyer, & Winn, 1979) and an increase in carboxylating enzymes after defoliation by herbivores (Wareing, Khalifa, & Treharne, 1968) .
The fruiting time of most plants (forbs), except a few palatable plants (grasses and sedges), remained stable across grazing regimes.
One possible explanation is that the perennial forbs with low palatability (e.g., due to secondary metabolites with odor and toxins, spines and hairiness) generally reproduce by the activation of dormant buds and can develop new tillers rapidly, and thus are more tolerant of grazing (Milchunas & Noy-Meir, 2002) . Another possible explanation is that shallow-rooted palatable plants (grasses and sedges) are more sensitive to grazing because they require greater upper-soil water availability (Schenk & Jackson, 2002 ) than deeprooted perennial forbs (Dorji et al., 2013) . The stable fruiting time of alpine plants has also been found in a warming and cooling experiment, and was interpreted as a strategy to maximize the success of seed maturation and dispersal (Jiang et al., 2016) . The phenology of fruit set is thought to be governed by a variety of different drivers, and depends on the combined effects of resource availability, the presence of pollinators, the abundance of herbivores, suitable conditions for seed production, and phylogenetic constraints (Murali & Sukumar, 1994; Nakajima et al., 2012; Sherry et al., 2007; Wright & Calderon, 1995) . Unfortunately, the spread in the change of fruiting Note. CG, continuous grazing; GE, grazing exclusion; IFF, interval between flowering time and fruiting time; IFW, interval between fruiting time and withering time; IGF, interval between green-up time and flowering time; RG, rotational grazing. *P < 0.1 **P < 0.05.
TA B L E 4
The effects of grazing regimes, species, and individuals of species on phenological stages 
2007
). The reason could also be because it was hard to recover from defoliation after reproduction, as the cost of recovery may be greater than the photosynthetic yield after restoration.
| Relationship between phenological stages and leaf traits
Phenology may have been affected by some plant traits, that were selected for by different environmental factors and grazing (Appendix S2) (Castro-Díez et al., 2003) . Under all grazing regimes, fruiting time was negatively related to LNC/LPC, and under continuous and rotational grazing it was negatively related to LCC/LPC.
The LNC/LPC ratio is closely associated with plant growth rate (Nielsen, Enriquez, Duarte, & Sand-Jensen, 1996; Sterner & Elser, 2002) , the LCC/LPC and LCC/LNC ratios relate to the C assimilation capacity of P and N uptake, i.e., N and P utilization efficiency (Vitousek, 1982; Wardle, Walker, & Bardgett, 2004) . Late-fruiting species had a lower LNC/LPC and LCC/LPC, probably because these species are more inclined to vegetative growth rather than to reproduction. Early-fruiting species had a higher LNC/LPC and LCC/LPC, which is more likely to be a kind of conservative and efficient growth strategy. Under continuous grazing, withering The timing of the phenological stages depends more or less on, or is constrained by, the preceding and succeeding stages (Post et al., 2008; Wang et al., 2014 
TA B L E 7
The mean and standard deviation of phenological stage time under different grazing regimes uniform time due to their dependence on temperature at the end of the growing season (Vitasse, Porté, Kremer, Michalet, & Delzon, 2009 , and the adaptive adjustment of fruiting time is therefore usually independent of flowering time (Eriksson & Ehrlén, 1991; Stiles, 1980) .
| Response of phenological divergence to grazing regimes
A possible strategy of plants in a community for reducing the pressure of herbivory is a short period of synchronous production of leaves, buds, and flowers, thereby satiating the herbivores (Aide, 1991) . Grazing decreased the divergence of all phenological stages, resulting in a maintenance or increase in this synchrony, partly as a result of the phenological stages of the relatively earlier species being delayed (such as the green-up time of Calystegia hederacea and Poa annua) and those of the relatively later species being advanced (such as the green-up time of Lancea tibetica). Also, grazing diminishes competition among neighboring plants (Borer et al., 2014; Gibson, 2008) . The flowering time of the plant community in the present study was more divergent compared with other phenological stages. The pattern of flowering of a plant community is usually achieved via multiple evolutionary processes, such as character displacement, mutualistic partnering, phenotypic plasticity, competition for pollinators and other resources, and species replacement (Ackerly & Monson, 2003; Bawa, Kang, & Grayum, 2003) . Simultaneous phenological sequences under grazing, especially joint floral display, may increase visitation rates, leading to enhanced seed set for one or both species (Schemske, 1981; Thomson, 1982) , because synchronous flowering would attract more pollinators than asynchronous flowering (Rathcke, 1983) . Increased coflowering between sequentially flowering species could potentially change the relative fitness of species through competition for abiotic resources (Veresoglou & Fitter, 1984) , and thus change the species composition of future plant assemblages (Hülber et al., 2010) .
This can affect plant reproductive success indirectly via competition for or facilitation of pollination (Ghazoul, 2006; Waser, 1978) .
| CON CLUS IONS
The phenological responses of distinct species to grazing were very different. Phenology was related to some plant traits that reflect growth rate and strategy. Flowering time plays an important role in alpine plants to help them adapt to grazing. The grazing-induced disruption of phenological patterns potentially initiates changes affecting community organization over time. The diversity of species-level shifts in phenology in response to grazing suggests that large-scale variation of vegetation phenology as a result of environmental drivers probably contributes to changes in community species composition (Appendix S3) rather than simply to changes in the timing of phenological stages.
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